Introduction
The differentiation of airway epithelia represents one of the most dramatic changes in cell function that occurs shortly before and after birth, essential for the survival of the organism. Epithelial cells within the lung must differentiate in a highly ordered fashion 1 to allow proper ventilation, ensure gas exchange, prevent the loss of fluid, contribute to mucociliary clearance and host defence and avoid the accumulation of toxic substances from the environment. The development of the lung involves the activity of several transcription factors in a sequential and cell-specific manner. 2 However, our knowledge about post-transcriptional master regulators behind this process remains incomplete at this stage.
To gain insight into the differentiation process of bronchial epithelia, it has been recapitulated in a cell culture setting. Primary airway epithelial cells (AECs) can be obtained from human donors and maintained in culture. When such a cell monolayer is lifted from a liquid environment to the interface between liquid and air, it starts a mucociliary differentiation program that reflects the physiological processes occurring in the lung. 3 By analyzing the associated changes in mRNA levels, a number of differentially regulated genes were previously identified. 4 Among those, the transcription factor FoxJ1 was
MicroRNAs of the miR-34/449 family mediate cell cycle arrest and tumor suppression. Here we show that the expression of microRNA miR-449a, unlike its paralog miR-34a, is highly tissue specific and largely restricted to pulmonary and testicular tissue. MiR-449a levels in the murine lung are particularly high shortly before and after birth, coinciding with terminal differentiation of lung epithelia. Strikingly, miR-449a is upregulated by more than 1,000-fold when epithelial cells from human airways are lifted from a liquid environment to air, allowing them to undergo mucociliary differentiation. the induction of miR-449a occurs in parallel to its host gene CDC20B and the transcription factor FoxJ1. exposure to tobacco smoke induces a moderate further increase in the levels of miR-449a, and also miR-34a, in differentiated airway epithelia. We propose that miR-449a can serve as an exquisitely sensitive and specific biomarker for the differentiation of bronchial epithelia. Moreover, miR-449a may actively promote mucociliary differentiation through its ability to block cell cycle progression, and it may conribute to a first line of defence against genotoxic stress by its proapoptotic functions.
MicroRNA-449a levels increase by several orders of magnitude during mucociliary differentiation of airway epithelia suspected to represent one of the regulatory factors that govern downstream genes triggering differentiation. 2, 5, 6 Little is known about other master regulators that act at the same stage of differentiation.
MicroRNAs represent a novel class of regulators for gene expression. Their best-described mechanism of action consists in their interaction with target mRNAs, resulting in reduced translation and/or decreased mRNA stability. 7 Some microRNAs are ubiquitously distributed, whereas others are expressed in a highly tissue-specific manner. 8 Interestingly, the microRNA processing enzyme Dicer is required for proper pulmonary development, 9 arguing that microRNAs are essential in this process. Moreover, microRNAs were found to be differentially regulated when lungs develop. [10] [11] [12] [13] [14] [15] To our knowledge, however, no microRNA species were previously found associated specifically with mucociliary differentiation of airway epithelia.
MicroRNAs 449a and 449b represent two related microRNAs, expressed form the same locus within their host gene CDC20B on human chromosome 5. They belong to the same family as microRNAs 34, a-c, and all members of this family are capable of inducing cell cycle arrest and apoptosis. While miR34a-c is inducible through the tumor suppressor p53, 16 miR-449 can be activated by the cell cycle regulatory transcription factor E2F1. 17, 18 However, the tissue specificities of these processes are to testes and lung (Fig. 1A) , in accordance with our previous findings. 17 In these tissues, miR-449a levels appear to exceed those of miR-34a (Fig. S1) . To assess the temporal pattern of miR-449a expression in the lung, we extracted RNA form murine pulmonary tissue shortly before and after birth. As shown in Figure 1B , miR-449a was highly expressed in the lungs of mouse embryos at stage E16 (i.e., three days before term) and then steadily decreased. In contrast, the levels of miR-34a remained largely unchanged. We conclude that miR-449a is specifically expressed in pulmonary tissue, but mostly during the time around birth. miR-449a levels sharply increase upon differentiation of airway epithelial cells. Since mucociliary epithelia are a major component of the respiratory tract, we speculated that they represent the site of high miR-449a levels. To test this, we employed a system to recapitulate AEC differentiation in vitro. Human AECs were lifted to the liquid air interface and thereby induced to fully differentiate. 3 At several time points, RNA was extracted to quantify microRNA levels. Before airlift, miR449a was barely detectable by RT-PCR. Strikingly, however, miR-449a levels sharply increased to 100-fold higher levels within seven days, and more than 1,000-fold within the following week ( Fig. 2A) . In parallel, the host gene CDC20B (containing the miR-449a encoding region within an intron) was upregulated (Fig. 2B) , as reported previously, 4 although not as dramatically as miR-449a. A similar pattern was also seen for a previously described putative master regulator of AEC differentiation, FoxJ1 (Fig. 2B) and the generation of a seal with high electrical resistance was observed in parallel, indicating the generation of a differentiated cell monolayer (Fig. 2C) . Similar results were obtained with the AECs form a different individual (Sup . Fig. 2 ). In contrast, the levels of miR-34a remained largely unchanged ( Fig. 2A) . Curiously, the levels of E2F1 mRNA also remained unaffected (Fig. 2B) , in contrast to the mutual regulation of E2F1 and miR-449a that we previously described for cells of different origin that undergo DNA damage. 17 Continuous incubation of AECs without airlift resulted in a far less pronounced increase of miR-449a levels, and also did not lead to detectably augmented FoxJ1 mRNA (Sup. Fig. 3 ). In conclusion, miR-449a represents a highly specific marker for differentiated AECs, perhaps acting as a master regulator of the AEC-specific gene expression program. To our knowledge, and in comparison to other differentially regulated genes, 4 the increase in miR-449a represents the strongest change in gene expression levels that occurs upon AEC differentiation.
miR-449a levels further increase upon exposure of airway epithelia to tobacco smoke. We had previously characterized largely unknown. Here we show that miR-449a is a highly specific marker of differentiated bronchial epithelial cells.
Results miR-449a is highly abundant in lung tissue, in particular around birth. To gain insight into the expression patterns of miR-449a and miR-34a, we assessed the levels of both microRNA species in murine tissues by quantitative RT-PCR. Whereas miR-34a showed a broad distribution, the miR-449a was largely restricted Figure 1 . miR-449a expression levels in murine tissue. RNA was extracted from the indicated tissues obtained from C57BL/6 mice, followed by quantitative Rt-pCR to determine the levels of microRNAs miR-34a and miR-449a. (A) tissues were obtained from adult mice, 11 weeks of age. (B) Lung tissue was prepared from mouse embryos at stage e16 (shortly before birth), day 1, 3, 9 and 14 after birth, and 11 weeks after birth, followed by quantification of miR-449a and (C) miR-34a.
miR-449a as upregulated in response to DNA damage, 17 and similar findings were reported for miR-34a. 16 To assess this in the context of airway epithelia, we exposed a differentiated AEC monolayer to tobacco smoke. 19 As shown in Figure 3A , this procedure increased the levels of miR-449a even further, although the additional upregulation was moderate as compared to that induced by AEC differentiation. This increase was also found for the mRNA encoding E2F1 (Fig. 3B) , a transcription factor that targets miR-449a™, 17, 18 possibly explaining the upregulation of miR-449a. Similarly, miR34a levels were increased under such circumstances (Fig. 3A) , perhaps as a result of the known p53-responsiveness of miR34a. 16 Other mRNA species were quantitated as controls and were found largely unchanged (Sup . Fig. 4) . This is in contrast to a number of microRNA species that were previously found downregulated by tobacco smoke exposure. 20 We conclude that miR-449a is further regulated by genotoxic stress, as it occurs in response to exposure of AECs to tobacco smoke. Unlike the differentiation-associated upregulation of miR-449a, the induction of miR-449a by genotoxicity may be a result of E2F1 activation.
Discussion
Our results identify miR-449a as an exquisitely specific biomarker of differentiated airway epithelia. To our knowledge, this is the first description of a microRNA that displays strong specificity for mucociliary differentiation, although several microRNAs, including miR-449a, were reported to be expressed in lung tissue depending on the developmental stage.
14,15 MiR-449a undergoes the strongest induction of gene expression that was so far observed during AEC differentiation. Finally, this observation raises the possibility that miR-449, perhaps in addition to FoxJ1, serves as a master regulator to ensure the proper differentiation of this vital cell population.
Previous studies have used microarray hybridization to identify changes in mRNA levels that occur in the course of AEC differentiation in an air liquid interface. 4 Strikingly, one of the most differentially expressed genes found in this study was CDC20B. miR-449 is encoded by a gene locus that resides within the second intron of CDC20B, and the mRNA of CDC20B and miR-449 were previously found coregulated. 17, 18 We therefore assume that at least some of the regulatory mechanisms that govern miR-449 upregulation upon AEC differentiation apply to its host gene CDC20B as well. However, it is remarkable that the upregulation of miR449a was even stronger than that of CDC20B in our assays (Fig. 2) . We cannot fully rule out that this may be due to differences in PCR efficiency. However, it is tempting to speculate that AEC differentiation is associated with increased efficiency of miR-449a processing from its precursor RNA, explaining the additional increase.
The identity of transcription factors that regulate CDC20B/ miR-449 in the context of AEC differentiation remains elusive. We initially suspected a regulatory function of FoxJ1 in this context, but neither did we identify consensus FoxJ1 binding sites At the indicated time points (days after airlift), samples of the cells were harvested to prepare RNA, followed by Rt-pCR to quantitate specific RNA species. (A) the levels of microRNAs 34a and 449a were quantified. (B) the abundance of the indicated mRNA species was assessed. (C) the electrical resistance of the cell monolayer was measured to ensure full differentiation.
within the CDC20B promoter, nor did our unpublished observations reveal increased miR-449a levels in response to FoxJ1 overexpression.
It is very possible that miR-449a not only marks differentiated AECs but also serves as an active regulator of this differentiation process. MiR-449a is a potent inducer of cell cycle arrest, and this may contribute to terminal differentiation. In addition, miR-449a reduces the levels of the histone deacetylase Sirt1, 17 Total RNA was isolated from AECs using the miRVana kit (Ambion/Applied Biosystems), or from murine tissues using TRIzol (Invitrogen).
For detection of mRNA, 1 μg of total RNA was incubated with primers (random nonamers and anchored oligodT primers) and M-MuLV Reverse Transcriptase at 42°C for 1 h. qPCR was then performed in the following mix: Tris-HCl (75 mM), (NH 4 ) 2 24 mRNA expression levels were normalized to 36B4.
Stem-loop qRT-PCR for mature microRNAs was done using the TaqMan MicroRNA assays (Applied Biosystems) as described. 25, 26 microRNA expression levels were normalized to U6. The standard curve method was used for the relative quantification of gene expression.
Isolation of human primary airway epithelial cells. Human primary bronchial epithelial cells (HBEC) were isolated from large airways resected during surgery and cultivated as submersed or air liquid interface (ALI) cultures as described previously.
3 Donors underwent lung transplantation due to pulmonary fibrosis. Results did not differ between cells from the donors. The protocol was approved by the ethics committee of the University of Marburg and informed consent was obtained from the patients. Briefly large airways were digested enzymatically with protease 14 (Sigma, Steinheim, Germany). The cells were expanded in airway epithelial cell growth medium supplemented with growth factors (Promocell, Heidelberg, Germany) and preserved in liquid nitrogen.
Establishment of air-liquid interface cultures and cigarette smoke exposition. HBECs were seeded in cell culture plates and grown until they reached 70-80% confluence. For the establishment of ALIs 2,5-3 x 10 5 cells/well were seeded in transwell six-well culture plates (Corning Life Science, Netherlands) in airway epithelial cell growth medium supplemented with growth factors (Promocell, Heidelberg, Germany) and 1% of a mixture of Penicillin and Streptomycin (Gibco, Paisley). The cells were incubated for three days in a standard cell culture incubator. The apical medium was removed and the basolateral medium replaced by differentiation medium (DMEM/HamF12, 1:1) containing 2% Ultroser G serum substitute (Pall Life Science, function of miR-449a in mucociliary cell differentiation would be in agreement with its high expression levels shortly before and after birth, when the demand for such a differentiation program is highest. It would also correspond to the previous finding that CDC20B, the host gene of miR-449a, is upregulated upon AEC injury, 21 perhaps facilitating the regeneration of bronchial epithelia.
Besides differentiation, miR-449a is also capable of inducing apoptosis, and this activity may help miR-449a to provide a first line defence mechanism upon genotoxic stress (Fig. 3) , virus infection 22 or asthma. 23 The further upregulation of miR-449a upon smoke exposure was moderate, but it may still contribute to the elimination of cells with damaged DNA and thus prevent the occurrence of malignancies. MiR-34a acts as a general effector of p53-induced apoptosis in a broad range of tissues. 16 In contrast, its cousin miR-449a appears to exert a comparable tumor suppressive role specifically in airway epithelia.
Materials and Methods
RNA extraction, reverse transcription (RT) and quantitative PCR (qPCR). C57BL/6 mice (B6N, n = 3 per group) were used for tissue analysis. Animals were handled in accordance with the German Animal Protection Law and with the permission of the local government. Further induction of miR-449a in airway epithelial cells exposed to tobacco smoke. A fully differentiated monolayer of AeCs was obtained as described in the legend to Figure 2 . At 21 days after airlift, the cells were exposed to cigarette smoke for 15 min (=3 cigarettes) or mocktreated, followed by RNA analysis. (A) microRNA-449a and -34a levels and (B) e2F1 mRNAs were quantitfied by Rt-pCR.
